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Sorption of Binary Mixtures of Aromatic Nitrogen Heterocyclic Compounds
on Subsurface Materials
John M. Zachara,” Calvin C. Ainsworth, Christina E. Cowan, and Berta L. Thomas

Pacific Northwest Laboratory, Richland, Washington 99352
Single and binary solute sorption of pyridine, quinoline,
and acridine has been investigated on two low organic
carbon subsurface materials with similar properties but
different equilibrium pH when saturated with water.
Single solute sorption for all compounds is higher in the
acidic soil as compared to the basic soil, reflecting stronger
sorption of the protonated organic cations. The protonated
species exhibit high selectivity for the exchange complex
a t low aqueous concentration with selectivity increasing
with ring number. Binary sorption experiments with
quinoline/pyridine and quinoline/acridine demonstrate
that competitive sorption occurs between compounds in
the acidic subsoil where the protonated compound species
predominate in solution. In contrast, competition is
minimal in the basic subsoil when the compounds are
neutral. The competition between compounds is consistent
with their measured single solute sorption and suggests
mass action on a common set of high-affinity surface sites.
A simplified model based on ideal adsorbed solution theory
(IAS) is used to provide simulations of binary solute
sorption that are in good qualitative agreement with experimental results. It is suggested that competition between ionized solutes may significantly influence transport
of organic mixtures when the groundwater pH is near the
pKa of the compounds.

Introduction
Organic contaminants are often released from waste
materials to subsurface environments as a solute mixture.
Accurately predicting the solute migration requires information on the sorption characteristics of the individual
compounds as modified by other constituents in the
mixture. Interactions between organic solutes in dilute
mixtures (<lo-* M) may conceivably occur in the interfacial region of solid adsorbents and via molecular association in the aqueous phase. Information on these interactions is limited, and accurate predictions of migration
of solute mixtures are not possible at present. In this paper
the multisolute sorption behavior of ionizable aromatic
organic compounds is investigated to determine if competitive solute-sorbent interactions occur.
Evidence suggests that interactions of cosorbing solutes
at the solid/liquid interface via competitive mass action
and electrostatic effects are significant in the adsorption
of trace inorganic ions by soil, subsurface materials, and
mineral adsorbents (1-4). Comparable information is scant
for organic molecules. Competitive adsorption has been
observed for fully ionized organic cations (paraquat, diquat) on layer lattice silicates (5, 6) and for chlorinated
phenols on soils when solution pH is near the compound
pKa (7). In contrast, preliminary evidence suggests that
nonionic organic compounds may sorb independently on
soil from mixtures (8). This evidence is insufficient to
predict when competitive sorption may occur in soil or in
lower organic carbon substrates from subsurface or aquifer
environments.
Multisolute adsorption from dilute solution has been
investigated extensively on activated carbon with hydrophobic/neutral (9) and ionizable (10-13) compounds.
Competitive interactions are commonly observed and as0013-936X/87/0921-0397$01.50/0

cribed to multiple surface equilibria on heterogeneous
surface sites that vary in their affinity for the reacting
solutes. Multisolute adsorption behavior has been described by extensions of single solute isotherm equations
(14, 15, II), simulated by thermodynamic (16) and molecular reaction models (17), and evaluated with the solvophobic interaction approach (18). Activated carbon
differs in many ways from unconsolidated earthen materials, but the results and theoretical development with
activated carbon are relevant to subsurface materials that
commonly exhibit heterogeneity in both surface sites and
hydrophobicity of exposed surfaces.
The objectives of this work are to document possible
competitive sorption occurring in binary mixtures of hydrophobic ionizable compounds (HIOC) on subsurface
materials, to determine chemical conditions that promote
competition, and to establish the magnitude of competitive
interactions. A series of ionizable N-containing aromatic
compounds-pyridine, quinoline, and acridine-are used
with two subsurface materials of different equilibrium pH
in water to evaluate competitive sorption in batch equilibrium experiments. The nitrogen heterocycles (NHC)
are useful probes of competitive interactions because they
may exist in either the neutral or cationic form over the
typical range in groundwater pH and are important from
an environmental health perspective (19).

Experimental Section
Subsoils. Earlier work (20) has demonstrated that the
sorption of quinoline on suspensions of subsurface materials is governed by the equilibrium pH, which determines
the ionization fraction [Q = [BH+]/([B] + [BH+])] and
extent of ion exchange. Two vadose zone materials of low
organic carbon (Loring, Anvil Points soils) were selected
as experimental adsorbents to probe competitive interactions when the compounds were ionized and neutral.
These materials, herein called subsoils, differ primarily in
their equilibrium pH with water. The Loring subsoil is
a lower B horizon (Bx, Typic Fragiudult) of loessial origin
(21) that was obtained from the Ohio River Basin (Kentucky). The Anvil Points subsoil is a colluvial mixture of
kerogeneous dolomite and gypsferous claystone taken from
approximately 2 m below the Nihil1 soil series (Torrifluvent) in western Colorado. A zone of saturated groundwater movement occurs 2 m below the sampling depth.
The two subsoils differ by approximately 3 units in pH
and surface coating mineralogy, reflecting their respective
weathering environments, but are similar in other gross
properties (Table I). With the exception of the mineralogic analyses, methodologies for these characterizations
have been presented elsewhere (20). Mineralogic analyses
were performed on the <2.0-1*mfraction isolated by sedimentation following sonification (15 min at 300 W) of the
whole subsoil. Oriented slides saturated with K+, MgZ+,
ethylene glycol, and dimethyl sulfoxide (Me,SO) were
made from dithionite-citrate-bicarbonate-extracted and
unextracted subsamples of the Loring clay fraction and
sodium acetate extracted and unextracted subsamples of
the Anvil Points clay fraction. These slides were subjected
to X-ray diffraction analysis with Ni-filtered Cu K a ra-
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Table I. Properties of Subsurface Materials
particle
distribution

organic C
subsoil
Loring
Anvil Points

total,

extractable,

%

%

0.24

0.19
0.16

0.58

sand,

silt,

%

%

%

surface area
Nz, EGME,
mz/g
mz/g

2
28

70
24

28
28

30.5
23.4

clay,

66.9
65.4

CEC,
mequiv/
1oog"

PH
(0.01 M
(HzO) CaCl,)

cm
o,d

clay
mineralogyc

4.85
8.15

117
48.3

V, M, Mi, G
M, V, Mi

pH

8.4
12.4

4.18
7.64

"Cation-exchange capacity at natural soil pH. *Ratio of clay content (%) to organic carbon (70).cM, montmorillonite; K, kaolinite; V,
vermiculite; Mi, mica; G, goethite.

diation (2-50' in 28; tube current 35 kV, 20 mA; scanning
speed 2' in 28/min).
Organic Compounds and Analysis. Unlabeled pyridine (99% purity, Aldrich), quinoline (99% purity, Aldrich), and acridine (99% purity, Aldrich) were used without
purification. Radiolabeled (14C-uniformring label) quinoline was synthesized by Pathfinder Laboratories and
further purified by liquid chromatography (Waters Associates, C-18 column, 25 cm X 3.9 mm) with a 40% acetonitrile/60% citrate buffer. The peak corresponding to
quinoline was collected, partitioned into hexane, and
back-extracted in 0.05 N HCl. The radiochemical purity
was greater than 99%, and specific activity was 9.72
mCi/pmol.
Unlabeled quinoline, pyridine, and acridine were quantified by high-performance liquid chromatography (HPLC)
with a 25-cm C-18 column and a methanol/acetate buffer
mobile phase. 14C-Labeledquinoline was determined by
liquid scintillation counting, with frequent HPLC analysis
to substantiate tracer integrity. Acridine standards for
HPLC analysis and sorption experiments were prepared
daily because of acridine's limited solubility and lability.
Standards were prepared by dissolving the solid compound
in 10 mL of 1N HC1 with sonification, diluting to 200 mL
with deionized HzO, and adjusting to pH 6 with Ca(OH),.
Sorption Experiments. Single solute isotherms for
quinoline were determined over a large concentration
range, and all binary solute experiments were performed
with quinoline as a reference compound to judge the
presence or absence of competition.
(A) Single Solute Sorption. Batch sorption experimenta at 25 'C were carried out in 25-mL Corex centrifuge
tubes at a 1:5 (2 g/10 mL) solid-to-solution ratio for
quinoline and pyridine and a 1:lOO (0.1 g/10 mL) ratio for
quinoline and acridine. A nitrogen atmosphere and
sparged solutions were used to suppress aerobic microbiological degradation (22). The subsoils were preequilibrated with 0.01 M CaClzfor 4 h before adding the organic
solute. Varying quantities of unlabeled quinoline were
added to the subsoil suspensions along with a fixed
quantity of I4C-labeled quinoline (approximately 50 000
dpm) to yield a concentration range of 2.6 X
to 1.0 X
lo4 M . Compound standards were adjusted to the approximate pH of the subsoil before addition. Each concentration was run in duplicate. A similar procedure,
minus the radiolabel, was followed for pyridine and acridine with initial concentration ranges of 2.6 X
to 1.2
X
M and 3.8 X
to 2.3 X
M, respectively. The
lower concentration limit of the pyridine and acridine
isotherms was governed by the sensitivity and detection
limit of the HPLC analyses. Following 24 h of agitation
in a controlled-environment shaker, the tubes were centrifuged at 7500g for 20 min, and sorbate concentrations
in the supernatant were analyzed.
A previous time course study (20) had demonstrated that
quinoline sorption equilibrium in subsoil was attained
within 4 h. A 24-h time period was used in this study to
398 Environ. Sci. Technol., Vol. 21, No. 4, 1987
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Results and Discussion
Single Solute Experiments. The sorption of all three
NHC in the two subsoils produced nonlinear isotherms
that were partially linearized on a log-log basis (Figure 1).

Table 11. Freundlich Adsorption Parameters
subsoil

KF, pmoll-N
g-I mLN

compd

Loring

5.56
pyridine
5.17
quinoline (15)
3.14
quinoline (1:lOO)
74 989
acridine
0.231
Anvil Points pyridine
0.480
quinoline (1:5)
23.5
acridine

N

r2

0.720
0.580
0.567
1.31
1.04
0.868
1.02

0.988
0.939
0.985
0.886
0.827
0.997
0.950

+ Cluinoiine.Loring

Subsoil

wio Pyridine
Quinoiine-Anvil Points
Subsoil w l o Pyridine
prnoi/mL Pyridine Addition

1.26~10'~
L

Table 111. Nitrogen-Containing Aromatic Compounds
I

I

compd
pyridine

quinoline

structure

Q
@$

-5 0

ionization,"
solubility, BHt ~t B + Hf
pg/mL
(PKa)
KO,Wb
miscible

5.23

-

6000

4.92

-110

I

6.32xlO-*

+ 1 26x10.'
I

I

I

Log Co(prnol/rnL]

Figure 2. Sorption of quinoline at 1 5 solid-to-solution ratio with and
without pyridine.

10

carbon content are not possible because of isotherm nonlinearity, the estimated Kpvalues on both subsoils are too
small to account for the observed sorption behavior. Even
in the absence of ionic interactions of the organic cation,
carbon-referenced sorption cannot account for the observed
sorption because of the low carbon content of these subsurface materials. The clay mineral to organic carbon
ratios (cm/oc, Table I) exceed the empirical threshold
where mineral contributions to hydrophobic sorption have
been observed to begin (24, 25).
Ion exchange is hypothesized to dominate the sorption
process in the acidic subsoil, and conditional equilibrium
constants (Kv)Table IV) were estimated for the assumed
exchange reaction

" Perrin, D. D.; Dempey, B.; Sergeant, E. P. In pK Prediction for
Organic Acids and Bases; University Printing House: Cambridge,
1981;p 4. Kolwis octanol-water partition coefficient.
In partial agreement with the findings of Banwart et al.
(23) and Means et al. (24))linear sorption was observed
for the most hydrophobic compound in the series (acridine)
over a limited concentration range in the basic subsoil.
The isotherms gave poor fit to the Langmuir equation but
were adequately described by the Freundlich equation (S
= KFCeN,Table 11). Within each subsoil, sorption increases from pyridine to quinoline to acridine-an order
reverse to their respective aqueous solubilities and in
agreement with octanol-water partition coefficients (Table
111). Similar relationships between compound solubility
and sorption have been observed for acridine and sparingly
soluble NHC in soil and sediment (23))amino-substituted
PAH (24))and other hydrophobic compounds (25,26) in
which organic matter is considered the dominant adsorbent.
The higher sorption in the acidic subsoil is consistent
with compound ionization and preferential retention of the
organic cation over the neutral compound. Significant
protonation of the compounds occurs in the Loring subsoil
(Table IV) with the strongest base (acridine) being most
ionized. When the protonated and neutral species coexist,
site-specific sorption of the cation is preferred because of
the large molar excess in negatively charged surface sites
and the greater free-energy change arising from electrostatic over solvophobic interaction (27). While direct
comparisons between Freundlich constants (KF,Table 11)
and estimated K , values (Table IV) based on organic

CaX,

+ 2BH+ s 2BHX + Ca2+

where X represents 1equiv of surface charge. It was assumed that all adsorbed base in the acidic subsoil was
present as the protonated species and that the CEC represented the concentration of reactive surface sites. Selectivity for all compounds over Ca2+is high at low aqueous
concentration, with variable effects noted as organic concentrations increase. The large range in selectivity coefficients for quinoline and pyridine reflects nonideal exchange arising from the contribution of multiple sorbents
of varying selectivity (28). Greater selectivity with ring
number can be ascribed to van der Waals forces (29) between the sorbate and the associated adsorbent surface.
Similar behavior has been noted for a series of alkylammonium cations of increasing carbon number (30). In
addition, increasing ring number allows dispersion of
positive charge over a larger molecular surface area, which
enhances surface protonation (31)and facilitates Coulombic attraction to delocalized regions of surface charge.
Binary Solute Sorption. (A) Quinoline/Pyridine.
Quinoline adsorption is reduced by pyridine in the acidic
subsoil but remains unaffected in the basic subsoil (Figure
2). In the acidic subsoil the competitive effect increases

Table IV. Ionization Fraction and Estimated Binding Constants

Q"
compd
pyridine
quin o1ine
acridine

Loring
0.933
0.866
0.974

Anvil Points
0.005
0.002
0.013

estimated Kp, mL/gb
Loring
Anvil Points
0.012
0.127
2.90

0.027
3.07
7.02

log K,'
low c,

high C,

0.46
3.67
4.58

-0.52
0.58
5.24

"Q e [BHl/([BH+l + [BI) = 1/(1 + Kart/[HtI), where yt (0.849)was obtained from the Davies equation with I = 0.03 M. *log K, = log
KO, - 0.317;K = K,,.Fo,; From Banwart et al. (23). CLoringsubsoil only: K, = (Ca2t)X,,,2/[(BHt)2Xc,x,]
= ytt[Cazt][B,/0.5(CEC +
B.)]2/((rtQ[BTP)2[(CEC- B,)/(CEC + B,)]];x = mole fraction, BT = total aqueous base, B, = total sorbed base, (BHt) = activity of BH+,
(CaZt) = activity of Ca2+,and CEC = cation exchange capacity.
Environ. Sci. Technol., Vol. 21, No. 4, 1987
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Loring Subsoil (pH 4 . 1 8)
1:lOOSolid 1oSoIution

I_l
4

Quinoline-Loring Subsoi
w l o Acridine
Urnoi/rnL Acridine Addition
A

251x10-'

m

1.28x10-2

-3
-4

I
-6

I

I

I
-4

-5

-3

.h

1
-1

Log CO Dlrnol/rnLI
Log X O C / X P C

Figure 3. Mole fraction of quinoline to pyridine on surface ( X Q s / X p s )
vs. that in solution (X,/X,)
for quinoline/pyridlne binary solute sorption
on Loring subsoil.

Figure 5. Sorption of quinoline on the Loring subsoil at 1:lOO solidto-solution ratio with and without quinoline.

0.

7' / *

1-

Loring Subsoil

p
E

2
Quinoline-Anvil Points
Subsoil w/o Acridine

CD

3

a.

0-

-1

-

**/&

/

f

7

J0

prnol/rnL Acridine Addition

-3.0

2.5~10-~
3.9x10-'

-4.0

1.89x10'2
A

3.79~10-'

I

1,25x10-'

Log CQbrnol/rnL)

-2

I

,d"

Anvil Points
Subsoil

c

Acridine Alone
With Quinoline

I

I

I

I

I

-4

-3

2

1

Log CAfprnol/rnL)

Figure 4. Sorption of quinoline on two subsoils at 1 5 solid-to-solution
ratio with and without acridine.

Figure 6. Acridine sorption on Loring and Anvil Points subsoils at 1:lOO
solid-to-solution ratio with and without quinoline.

with pyridine concentration, which displaces the isotherm
downward and to the right. In general, curvilinear sorption
behavior for quinoline increases in the binary solute system. Slight competition occurs when quinoline and pyridine are present at a comparable initial molar concentration; however, the greatest effect occurs when the initial
molar ratio is lowest [quinoline (M)/pyridine (M) = 0.041.
A t this ratio, competition with pyridine may increase
quinoline equilibrium solution concentrations by up to 2
orders of magnitude over that observed in the absence of
the binary solute.
In the binary solute system with quinoline, pyridine
sorption (data not shown) is decreased, relative to its single
solute behavior, in a fashion analogous to quinoline. The
ratio of the mole fractions of quinoline to pyridine at
equilibrium in solution (XQClXpc)is plotted vs. that on
) Figure 3. Quinoline is preferred
the solid ( X Q s / X p s in
on the surface over much of the concentration range, but
this preference decreases with increasing quinoline concentration and XQc/Xpc. This decreasing preference reflects the nonlinear sorption behavior of the two individual
solutes and their nonequivalent values of the Freundlich
exponential term. The quinoline preference is consistent
with the observation that pyridine sorption exceeds that
of quinoline at higher solution concentrations (greater than
pmol/mL), while the inverse holds at lower concentrations (Figure 1). Solutes exhibiting nonequal but linear
sorption behavior would exhibit a slope of unity on this
plot, and a change in the solution mole fraction ratio would
result in an equivalent change in the surface mole fraction
ratio.

(B) Quinoline/Acridine. Acridine depresses quinoline
sorption in the acidic subsoil at a 1:5 solid-to-solutionratio
(Figure 4). Competition in the basic subsoil is suggested,
but the difference in adsorption is not statistically significant. In the acidic subsoil, increasing the acridine
concentration results in reduced quinoline sorption. The
reduction is similar to that observed for competition with
pyridine, although it occurs a t lower initial molar concentrations of the competing compound. A similar binary
experiment using different acridine concentrations was
performed for the acidic subsoil at a low solid-to-solution
ratio (1:lOO). This experiment was performed to enable
HPLC analysis of acridine equilibrium solution concentrations that were below detection in the 1:5 ratio experiment. As observed in the 1:5 ratio experiments, increasing
the molar concentrations of acridine produces a progressive
reduction in quinoline sorption (Figure 5) that is greatest
a t low quinoline and high acridine concentration. Compared to the 1:5 ratio experiment, the influence of acridine
is more pronounced over the quinoline equilibrium concentration range of iO-4-iO-2~5 Mmol/mL, particularly for
the highest acridine concentration. This enhanced competition reflects a smaller percent change in the initial
concentration ratio of the two solutes during sorption.
Competition nearly vanishes when quinoline equilibrium
concentrations exceed lod2pmol/mL.
In direct contrast to pyridine, acridine sorption is little
influenced by the presence of quinoline. High-performance
liquid chromatography analysis of acridine concentrations
in the binary experiments indicates that acridine sorption
is well described by the single solute isotherms (Figure 6),
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Table V. Average Percent Error (APE) for Quinoline between Experimental Data and IAS Predictions for Sorption in
Binary Solute Mixtures
cosolute

soil

pyridine

Loring

1:5

acridine

Loring

1:lOO

acridine

initial concn, pmol/mL
quinoline
coso1ute

ratio

Anvil Points

1:5

5.27 X
to 1.00 X lo-'
5.27 X
to 1.00 X lo-'
5.27 X
to 1.00 X lo-'
1.04 X
to 9.49 X
2.09 X
to 4.29 X
1.05 x 10-5 to 9.50 x 10-2
2.09 X
to 9.50 X
2.09 X
to 9.50 X

1.26 X
6.3 X
1.26 X
1.29 X
1.29 X
5.57 x
1.25 X
2.5 X

APEb

to 1.24 X
to 6.2 X lom2
lo-' to 1.24 X lo-'
lo-' to 1.25 X lo-'
10-3 to 2.5 x 10-3
lo-'

Na

Ce

S

8
8
8

79.2
44.7
39.8
3.14
10.4
18.6
3.6
6.06

12.4
2.45
2.78
50.5
25.3
70.2
20.6
28.6

11

4
11

7
7

" N = number of replicate data points. bAPE = (1oO/N)~(x&d- Xpred)/Xobsd,
where X is Ce or S and N = number of observations.
Average percent error presented for quinoline only.
Table VI. Average Percent Error (APE) between Experimental Data and IAS Predictions for Single Solute Adsorption
APE
compd

soil

ratio

initial concn range, pmol/mL

N

Ce

S

quinoline

Loring
Loring
Anvil Points
Loring
Anvil Points
Loring
Anvil Points

1:5
1:lOO
1:5
1:5
1:5

5.16 x 10-4 to LOO x 10-1
3.62 X lo4 to 8.77 X
5.16 x 10-4 to 1.00 x io-'
2.62 X loy2to 1.24
2.49 X
to 1.24
9.15 X
to 2.29 X lo-'
3.66 X
to 9.15 X

8
8
8
6
5
6
7

17.6
10.5
2.15
8.04
2.28
51.3
30.6

0.8
11.6
7.85
4.96
85.6
1.77
7.0

pyridine
acridine

1:lOO

1:5

in spite of the presence of a reactive cosolute. At higher
acridine and quinoline concentrations in the more adsorbent acidic subsoil, there was indication that acridine
sorption was slightly enhanced by the presence of quinoline.
Descriptive Relationships. A simplified version of the
ideal adsorbed solution (IAS) model described by Crittenden et al. (9) was used to simulate the binary sorption
experiments. In the simplified version, single solute isotherm equations are used in the IAS framework to approximate the relationship of surface spreading pressure
( T ) to surface loading (8) (31). Like Crittenden et al. (9),
we have used single solute Freundlich isotherms, even
though these isotherms do not reduce to Henry's law a t
vanishing aqueous concentrations. The numerical model
predicts the adsorbed concentration of solute i (Si) a t
equilibrium on the basis of the initial concentrations of
and their respective single solute
the binary solutes (COG)
Freundlich isotherm parameters, KFzand Ni. The aqueous
equilibrium concentration (C,J is subsequently calculated
with this predicted S, value and a mass balance expression
for the sorption experiment:

where M is the sorbent mass and V is solution volume.
In most cases, IAS calculations based on single solute
Freundlich constants in Table I1 were in qualitative
agreement with the experimental data (Figure 7 ) . The
simulations successfully predict the reduction in quinoline
sorption that occurs in the presence of acridine and pyridine in the acidic subsoil (Figure 7a,b) and substantiate
the small competitive effect induced by acridine in the
basic subsoil (Figure 7c).
Average percent error (APE) in the sorbed (S) and
aqueous equilibrium concentration (C,) varied between
solute pairs, ranging from approximately 2.5% to 80%
(Table V). Model calculations generally predicted more
competition than was observed. This error in the IAS
calculations stems, in part, from propagation of error from
the single solute isotherms, which exhibit curvilinearity

on a log-log plot (see Figure 1). The APE of single solute
IAS calculations (Table VI) reflects this curvilinearity. As
suggested by Crittenden et al. ( I I ) , the accuracy of these
simulations may be improved by using more complex
isotherm equations that give closer fit to the single solute
data. Additionally, the relative precision of predicted S
vs. C, concentrations in the binary systems was dependent
on the magnitude of sorption and the solid-to-solution
ratio. The closest agreement between predicted and observed equilibrium solution concentrations occurred when
the change in aqueous concentration was small (i.e.,
20-40%) during sorption (Loring 1:100, Anvil Points 1:5;
see Table V). When the percent change is large (i.e.,
70-90%, Loring 1:5), APE in the adsorbed concentration
is lowest. For a given subsurface material, APE in the
predicted equilibrium solution concentration (C,) appears
to increase as the solid-to-solution ratio increases toward
that of the natural subsurface environments.

Conclusions
Binary solute experiments demonstrate that competition
occurs between NHC when the adsorbing compounds are
partly ionized and sorbed via ion exchange. In contrast,
NHC sorb independently when the neutral species predominates in solution. The absence of solute competition
has been noted previously for nonionic compounds sorbing
nonspecifically in soil (8). Competition in the acid subsoil
is consistent with mass action between the binary solutes
for a limited population of surface sites that bind all three
NHC. The extent of competition reflects the sorption
strength of the individual solutes, which is inversely proportional to aqueous solubility of the compounds.
These static equilibrium experiments suggest that solute
competition within mixtures may enhance the mobility of
nitrogen heterocycle compounds in groundwater, particularly where the groundwater pH allows partial or full
compound protonation. This implication must be viewed
in the context of the subsurface environment where sorption occurs from a mobile and dynamic fluid phase.
Acridine was shown to induce the greatest depression in
the sorption of quinoline, the reference compound. HowEnviron. Sci. Technol., Vol. 21, No. 4, 1987
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